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Abstract
Light Non-Aqueous Phase Liquid Migration in Ground Subsurface
Hanadi Al-Hammad
Groundwater aquifers are vital source for water supplies. Such water supplies are under
serious potential threats of pollution due to various contaminants. One of the categories of
contaminants that pollute groundwater aquifers is non-aqueous phase liquid (NAPL). NAPLs are
immiscible organic compounds. NAPLs comprise two categories based on comparison of its
density with density of water. The NAPLs that have density less that density of water are known
as light non-aqueous phase liquid (LNAPL) such as Diesel, Toluene, and mineral oil. NAPLs with
density higher than the density of water are known as dense non-aqueous phase liquid (DNAPL)
such as chlorinated solvent and crude oil. It is essential to understand migration of a NAPL to
locate it and its subsequent remediation.
LNAPLs can pollute groundwater aquifers due to accidental spills or leakage from
underground tanks. LNAPLs migrate into ground subsurface under the force of gravity. However,
the speed of LNAPLs migration depends on its relative permeability. The depth and spread of
LNAPL migration depend upon the amount of LNAPL spill and its entrapment in the porous
media. Migration of LNAPL depends upon properties of porous media. Furthermore, parameters
such as capillary pressure, degree of saturation, porosity, and hydraulic conductivity need to be
known to understand the flow of LNAPL. Moreover, Characteristics of liquids such as density,
viscosity, interfacial tension, and wettability need to be understood to estimate spread of LNAPLs.
During LNAPLs flow, a portion of LNAPLs gets trapped in various forms such as singlet, doublet,
or ganglia.
Several scholars investigated migration of LNAPLs in porous media. These investigations
include different types of experiments such as one-dimensional (1D) tests for image analysis, twodimensional (2D) tests, Buchner funnel, and centrifuge tests. Results from different types of
experiments were collected for analysis and discussion for this research. The results indicated that
there is clearly inverse relationship between matric suction and degree of saturation. Residual
degree and bubbling pressure head are affected by characteristics of soil. There is inverse
relationship between entry pressure and grain size of the soil. Moreover, the bubbling pressure
head is affected by the interfacial tension of a fluid. Area of LNAPL spread depends upon
groundwater fluctuations and the frequency of these fluctuations.
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Chapter 1: General Introduction
This chapter provides background about non-aqueous phase liquids (NAPLs), and their
classification besides a brief overview of migration behavior. Also, it provides an overview of
groundwater table (GWT) and its impact on LNAPL migration. Moreover, objective of the
research, scope of it, and outline of thesis are also presented.

1.1

Background
Contamination of groundwater aquifers is a serious global issue. Groundwater aquifers could

be contaminated due to a variety of contaminants including chemicals. Non-aqueous phase liquids
(NAPLs) are one the most important categories that poses a serious threat to groundwater. NAPLs
are organic compound that are sufficiently immiscible with water but can persist as a separate
phase for a long time in groundwater. Further, NAPLs move freely in porous media in the ground
subsurface (Murphy et al., 2007). NAPLs can pollute vast quantities of soils and groundwater (Kim
and Corapcioglu, 2002). Remediation of NAPLs in ground subsurface is one of the most
significant environmental challenges (Davis et al., 1993). Furthermore, fractured rocks and soils
affect NAPL flow in ground subsurface (Krisnanto et al., 2014; Fredlund et al., 2010; Li and
Zhang, 2009). NAPLs are a serious environmental threat for vital water sources such as
groundwater aquifer. This means that contamination due to NAPLs could cause public health
issues.
Compositionally, NAPLs are nonpolar and immiscible compounds. Thus, when NAPL
intrudes into an environment, it can remain as separate phase (Selker at al., 1999). Various phases
of NAPL can exist such as aqueous, vapor, and solid phases (Lenhard et al., 2005). Furthermore,
NAPLs can persist either as single form of compound or complex compound (Guler, 2019). NAPL
movement from one phase to another depends upon environmental condition (US EPA).

1

Contamination of NAPLs can occur from accidental spills or leakage from underground
tanks as illustrated in Figure 1.1. NAPL migration is complex phenomenon, and it is impacted by
various physical and chemical processes. Migration and spread of NAPLs are influenced by
properties of NAPL, properties of porous media, nature and characteristics of leaking source, and
fluctuations of groundwater table.

Moreover, NAPL flow is affected by temperature, soil

compressibility and heterogeneity, degree of saturation, and hydraulic conductivity, and matric
suction (Kechavarzi, 2000). NAPL parameters such as density, interfacial tension, viscosity, and
wettability influence the migration of NAPL. Furthermore, volume of NAPL spill and the rate of
NAPL leakage influence by its ultimate migration and spread (Poulsen and Kueper, 1992)

Figure 1.1: Migration and spread of non-aqueous phase liquid (NAPL) due to accidental spills and leakage from
underground tank
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The migration of NAPLs and the dissolution or volatilization of residual NAPLs have been a
subject of many investigations (Huyakorn et al., 1994; Hochmuth and Sunada; 1985; Pfannkuch,
1984; Johnson et al., 1990).

1.2

Categories of NAPL
NAPLs are classified into two categories. NAPLs that have density less than the density of

water are known as light non-aqueous phase liquids (LNAPLs). On the other hand, NAPLs that
have density higher than density of water are known as dense non-aqueous phase liquids
(DNAPLs). Petroleum compounds or hydrocarbon compounds such as diesel and toluene are
examples of LNAPL. Chlorinated hydrocarbons compounds such as chlorinated solvents and
crude oil are examples of DNAPL.
LNAPL cannot migrate farther below than GWT because LNAPL is lighter than water.
However, fluctuations of groundwater table (GWT) can spread LNAPL below the GWT and
LNAPL can be trapped in various forms such as ganglia (see section 2.3.2). On the other hand,
DNAPL can migrate through the unsaturated zone and can migrate below the GWT because it is
heavier than water. Figure 1.2 illustrates migration of LNAPL and Figure 1.3 illustrates migration
of DNAPL.
Understating LNAPL migration and spread in unsaturated soil and saturated soils is critical
for a cost-effective and efficient remediation (Sharma and Mohamed, 2007). Migration of
LNAPLs has been studied by many researchers (Abriola and Pinder, 1985, Oostrom et al., 1997,
Steffy et al., 1998).
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Figure 1.2: Light non-aqueous phase liquid (LNAPL) migration

Figure 1.3: Dense non-aqueous phase liquid (DNAPL) migration
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1.3

Groundwater Table (GWT)
The groundwater table (GWT) is an underground boundary surface between unsaturated

zone and saturated zone. GWT is located immediately underneath the capillary fringe zone (see
section 2.2.2). The depth and the shape of GWT depend upon the ground surface topography. By
2100, an increase in temperature and groundwater level are predicted by the intergovernmental
panel on climate change (Cavelan et al., 2021). Fluctuations of GWT are common (Burgess et al..,
2017). These fluctuations of GWT can smear the boundary between saturated and unsaturated
zones. LNAPL pool in smear zone can spread significantly due to dynamic GWT.

1.4

Objective of The Research
The main objectives of the research are:
1. A comprehensive review of various experimental investigation for migration of LNALs in
unsaturated and saturated zones.
2. Exploration of the relationship of matric suction and degree of saturation and its influence
on migration of LNAPLs in various types of soils.
3. Investigation of hysteresis in the relationship between matric suction and degree of
saturation.
4. Delineating the main parameters influencing the migration of LNAPLs, using experimental
results from a wide range of researchers.

1.5

Scope
This research is limited to investigation of LNAPLs only. Migration of DNAPLs is not

addressed here. Main focus of the research is analysis and discussion of experimental
investigations with limited numerical aspects. Chemical transformation of LANPLs during
migration and spread is also not included in the thesis.
5

1.6

Research Outline
•

Chapter 1: It provides a brief background information about non-aqueous phase liquid,
classifications of NAPLs, nature of GWT, objectives of this research, and scope of the
research.

•

Chapter 2: It presents the features of LNAPL migration, and overview of unsaturated and
saturated zones. Forms of NAPLs in which these can be trapped in ground subsurface are
discussed. Soil Water Characteristics Curve (SWCC) and hysteresis of it are discussed.

•

Chapter 3: Various types of experiments to investigate migration and spread of LNAPLs
are presented in Chapter 3. Main features of results from these experiments are also
explained in Chapter 3.

•

Chapter 4: A discussion of the results from various experiments conducted by different
researchers is presented in Chapter 4. This discussion is used to delineate the main
parameters that influence migration and spread of LNAPLs in ground subsurface.

•

Chapter 5: Conclusions and recommendation are presented in Chapter 5.
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Chapter 2: Literature Review
This chapter presents the features of LNAPL migration, and overview of unsaturated and
saturated zones. Forms of NAPLs in which these can be trapped in ground subsurface are
discussed. Soil Water Characteristics Curve (SWCC) and hysteresis of it are discussed.

2.1 Parameters Controlling NAPLs Flow in Saturated Zone and Vadose Zone
The flow of a liquid in soils depends upon characteristics of the liquid. Further the flow
depends on the properties of porous media. For instance, DNAPLs migrate deeper than LNAPLs
due to higher density of DNAPLs compared with water density. Understanding flow of NAPL
through soils due to leaking from underground tank or accidental spills is essential for locating
LNAPL and its subsequent remediation. Modeling flow of LNAPL is needed as a predictive tool
to identify the location of LNAPL and its spread. Characteristics of liquids such as density,
viscosity, interfacial tension, and wettability need to be known to estimate spread of NAPL.
Additionally, parameters of soils such as porosity and hydraulic conductivity are needed for flow
of NAPLs. Moreover, in case of vadose zone, capillary pressure, and degree of saturation need to
be considered for understanding of NAPLs flow. The sections below discuss the parameters that
control NAPLs flow, especially LNAPLs.
2.1.1

Density and Viscosity
Density (r) is defined as the ratio of mass per unit volume. The density of water is constant

rw is 1000 kg/m3 or 62.4 lb/ft3 (Fredlund and Rahardjo, 1993) at 4°C. Equation for density of water
is given below:
r! =

M"
V"
Equation 2.1
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where: ρ! = density of water
M! = mass of water
V! = volume of water
There are two categories of NAPLs based on its density compared to the density of water.
Therefore, when the NAPL density is higher than density of water, it is known as Dense NonAqueous Phase Liquid (DNAPL). On the other hand, when the liquid density is less than water
density, it is known as Light Non-Aqueous Phase Liquid (LNAPL). The flow of NAPL depends
on its density. The denser liquid has higher hydraulic conductivity (Taylor, 1948).
Viscosity of a liquid is resistance to change of form or shearing. Generally, the temperature
has an inverse proportional effect on fluids viscosities; whilst temperature has a direct effect on
viscosity (Fredlund and Rahardjo, 1993). In terms of liquid flow, Mohamed, 2003 defined
viscosity as fluid resistance to flow in a porous medium. In unsaturated soil, on account of multiple
liquids, the parameter viscosity ratio is used, which is the ratio of the viscosity of non-wetting
liquid to the water (Mohamed, 2003).
2.1.2

Interfacial Tension
Interfacial tension (Ts) is the surface energy at the interface that results from the differences

between the attractive force of the molecules of each fluid and that at the interface between the
two fluids (Bear, 1979). Water and LNAPL are considered as immiscible liquids. When two
immiscible liquids are in contact, it will result in interface tension due to interfacial energy between
the two liquids (Mohamed, 2003). The following equation is used to calculate Ts:

2T# = u$ R #
Equation 2.2
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where:
T# = interfacial tension
u$ = capillary pressure
R # = radius of two dimensional curved surace
Physical properties such as temperature affect interfacial tension (Davis and Lien, 1993).
Additionally, chemical properties such as the potential of Hydrogen (pH) and dissolved gases
might affect interfacial tension (Schowalter, 1979). Moreover, from Equation 2.2, we indicate that
there is direct relationship between interfacial tension (Ts) and capillary pressure ( u$ ) which will
be discussed further in the capillary pressure section.
2.1.3

Capillary Pressure
Capillary pressure is defined as the difference between pore air pressure and pore water

pressure. Capillary pressure is also known as matric suction. Variations of matric section depend
upon ground surface conditions, environmental conditions, vegetation, water table, and
permeability of the soil (Blight, 1980). The following equation is used to define capillary pressure:

u$ = u& − u!
Equation 2.3

where:
u$ = capillary pressure
u& = pore air pressure
u! = pore water pressure
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The pore air pressure (u& ), in the continuous air phase, is equal to atmospheric pressure. The
value of (u& ) is zero, with atmospheric pressure as the reference. Therefore, (u! ). Thus, capillary
pressure is negative.
The term suction was defined for the first time by Schofield in 1935 as pressure deficiency
(Sharma, 1998). Soil suction consists of two components namely matric suction and osmotic
suction. Matric suction is due to environmental effects. The osmotic suction is the dissolved ionic
concentration in the pore liquid (Sharma ,1998). Justifiably, osmotic suction is associated with
unsaturated soils more than saturated soils. Osmotic suction impacts mechanical behavior of the
soil such as volume change and shear strength. However, for geotechnical engineering problems
associated with unsaturated soil, the change in osmotic suction is very small, if any, and therefore,
it is neglected. The reason is that most common issues are due to environmental change which
significantly affect matric suction unlike the affect in osmotic suction where it is less significant
(Fredlund and Rahardjo, 1993). The sum of matric suction and osmotic suction is known as total
suction. The change in total suction can be substituted for matric suction because changes in
osmotic suction is negligible (Fredlund and Rahardjo, 1993)
For air-water system, Equation 2.4 is for two-dimensional case and Equation 2.5 is for a
general three-dimensional case.
u$ =

2 T#
R#
Equation 2.4

u$ = T# =

1
1
+ @
R' R (
Equation 2.5

where:
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u$ = matric section
T# = interfacial tension
R # = raduis of two dimensional curved surface
R' & R ( = radii of three dimensional curved surface

Equation 2.5 is used when interfacial tension is on a warped membrane. The Equations (2.4
and 2.5) indicate that matric suction is affected by the interfacial section of a liquid in directly
proportional relation. Moreover, as the matric suction increases, the meniscus curve decreases.
Matric suction increases with the decrease of degree of saturation. When water content approaches
zero, its mean that the soil totally dry; the matric suction will have limited range of 620 to 980
MPa (Fredlund, 1964). As for the air-water system, interface exists when the radius of twodimensional curved surface (Rs) is equal to infinity. When matric suction equals zero, meaning Rs
will goes to infinity. Therefore, when unsaturated soil reaches fully saturation stage, the pore water
pressure and air water pressure will be commensurate. Thus, matric suction will be equaled zero.
(Fredlund and Rahardjo, 1993)
2.1.4

Wettability
Wettability is the measure of the preferential tendency of one of the two immiscible fluids

to wet spread or adhere to the interstitial surfaces of the porous medium (Donaldson and Alam,
2008). For wetting and non-wetting system such as water – air system, when wettability is
mentioned, it is referred to average or overall relative wetting preference of the interfacial surfaces.
To determine the liquid either wetting liquid (coating the grains of soil) or non-wetting (occluding
in the soil), it depends upon interfacial tension (Mohamed, 2003). As a result of mechanical
equilibrium for the liquid surface tension (gLV), the solid surface tension (gSV), and the liquid– solid
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interfacial tension (gSL), the contact angle (q) can be determined by using Young’s Equation 2.6
who describes the motion of wettability for the first time. (Law and Zhao, 2015)
γ)* = γ+* Cosθ + γ)+
Equation 2.6

Cosθ =

γ)* − γ)+
γ+*
Equation 2.7

where: γ#, = soild surface tension
γ)+ = liquid soild interfacial tension
γ+* = liquid surface tension
θ = contact angle

𝛾-.

q
𝛾/.

𝛾/-

Figure 2.1: Contact angle
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There are two types of liquids depending upon the wetting angle. These are wetting liquids and
non-wetting liquids. Wetting liquid is liquid that has ability to create a contact angle with the solid
smaller than 90°. While the Non wetting liquid is liquid forms contact angle with the solid between
90° and 180°. NAPLs are examples of non-wetting liquids.
interfacial tension will occur and wetting angle (contact angle) will be concave to the nonwetting liquid side such as LNAPL or air as illustrates in Figure 2.1 & 2.2. The concave curve is
known as meniscus. Therefore, there will be a difference in pressure at the interface of air-water
or water- LNAPL) because of meniscus and surafce tension. This differential pressure at the
interface is known as capillary pressure or matric suction.

Figure 2.2: Meniscus curve from left side
Figure 2.3: Meniscus curve from the right side
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For perfect wetting liquid, the contact angle is equal to zero. However, if the contact angle is
greater than zero, then the liquid is imperfect wetting. If the contact angle is less than 90°, the
liquid is wetting liquid ( Fetter, 1983). Moreover, if the contact angle is greater than 90°, the liquid
is non-wetting. Based on that, water is a wetting fluid and LNAPL is a non-wetting fluid.
2.1.5

Degree of saturation
Degree of saturation is the ratio of the volume of liquid such as water to the total volume

of voids. Degree of saturation is expressed as follows:
S=

V0
× 100
V1
Equation 2.8

where: S = degree of saturation in percentage
V1 = volume of voids
V0 = volume of voids occuppied by liquid

Based on the percentage of degree of saturation, the soil can be divided into three
categories. Firstly, If the degree of saturation equals to zero, that means the soil is dry. This means
that the soil consists of two phases; air and soil particles, no liquid included. Secondly, If the degree
of saturation equals to 100%, the soil is fully saturated and all the voids are occupied by liquid.
Thus, the soil consists of two phases: liquid and soil particles. Finally, If the degree of saturation
is between 0 to 100%, that means the soil is unsaturated and consists of three phases: liquid, gas,
and soil particales. However, the void can be filled with air and more than one liquid. When it
comes to unsaturated soil, It is divided into two subcategories based on whether the air phase is
continuous or occluded. When the degree of saturation is less or around 85%, the air phase is
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continuous (Corey, 1957). Whilst, when the degree of saturation is more than 90%, the air phase
is occluded (Matyas, 1967).
The degree of saturation and matric suction are linked. Furthermore, coefficient of
permeability depends on the changes in degree of saturation (Fredlund and Rahardjo, 1993).
Effective degree of saturation (Se) can be expressed as follows:

S2 =

S − S3
1 − S3
Equation 2.9

where: S2 = effective degree of saturation
S3 = residual degree of saturation
S = degree of saturation

Effective degree of saturation is defined as the ratio of the volume of liquid to the total
available volume of pores. The following equations are used to calculate the effective degree of
saturation of air and LNAPL respectively:

S2& =

S&
1 − S3
Equation 2.10

where: S2& = effectice degree of saturation of air
S& = degree of saturation of air
S3 = residual degree of saturation

15

S20 =

S0
1 − S3
Equation 2.11

where: S20 = effectice degree of saturation of LNAPL
S0 = degree of saturation of LNAPL
S3 = residual degree of saturation

The lowest value of the degree of saturation is known as residual saturation degree (Sr).
For wetting liquid phase such as water, where the water is in absorbed water form or meniscus
water form, the residual degree of saturation occurs. Additionally, matric suction increased has not
scientifically effect on the residual degree of saturation in unsaturated soil. However, non-wetting
fluid phase such as LNAPL, when it is discontinuous and immobilized due to capillary forces., the
degree of saturation at is the lowest value. Moreover, LNAPL forms trapped singlet, doublet, and
ganglion (Chatzis et al, 1983). The more LNAPL trapped as ganglion the higher residual saturation
will be higher than either singlet or doublet (Mohamed, 2003). According to Mercer and Cohen
1990, LNAPLs residual saturation, as well affected by interfacial tension, density, liquid viscosity
ratio, liquid wetting properties, hydraulic gradients, flow rate and buoyancy force. LNAPLs
residual saturation degree value in saturated zones is higher than in unsaturated zones. In contrast,
the residual saturation degree range is 15 to 50% in saturated zones. While 10 to 20% in
unsaturated zones (Mercer and Cohen, 1990).
2.1.6

Hydraulic conductivity
The parameter hydraulic conductivity was defined for the first time in 1856 by a French

engineer named Henri Philibert Gaspard Darcy (1803 – 1858) (Das and Sobhan, 2016). In general,
the ability to drain and transmit water is defined as the permeability of the soil. Therefore, from
16

Darcy’s law with respect of the flow rate of water, the hydraulic conductivity defined as the
coefficient of proportionality between the flow rate of water and the hydraulic head gradient.
In a saturated soil, the hydraulic conductivity is assumed to be constant for specified types
of saturated soil. Conversely, in an unsaturated soil, the hydraulic conductivity is not a constant.
The reason is due to the fact, in saturated soil, the hydraulic conductivity is the function of the void
ratio (Lambe and Whitman, 1969). Whereas for unsaturated soil, the hydraulic conductivity is a
variance is variable function of matric suction and water content. (Fredlund and Rahardjo, 1993).
The hydraulic conductivity with respect to the water phase can be determined from the
following equation:
K! =

ρ! g
K
u! 45
Equation 2.12

where: K ! = hydraulic conductivity of water
ρ! = density of water
g = acceleration due to gravity
u! = viscosity
K 45 = intrinsic permeability

Equation 2.12 indicates that the hydraulic conductivity depends upon the properties of
pores in soil and liquid properties. Hydraulic conductivity and viscosity are inversely related. The
hydraulic conductivity either in saturated or unsaturated soil decreases when the viscosity of the
liquid increases. The pores size increase; as a result, an increase in soil porosity (n) occur. Which
leads to increase in the hydraulic conductivity for saturated soil (Taylor, 1948). Therefore, the
relationship between the hydraulic conductivity, porosity, and pores size is directly proportional.
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Additionally, occupying the pores with fluids in a multi-phase system will lead to decrease in the
hydraulic conductivity. In the case of a multi-phase system, the term relative permeability (Kr) is
introduced. relative permeability (Kr) is defined as the ratio of effective permeability to intrinsic
permeability.
K3 =

K 266
K 457
Equation 2.13

where: K 3 = relative permeability
K 266 = effective permeability
K 457 = intrinsic permeability

According to Fetter, 1983 the value of the relative permeability (K 3 ) depends upon the
degree of saturation. Range of relative permeability is between zero to one. The larger relative
permeability, the faster LNAPL migrate. Figure 2.4 illustrates the relationship between the degree
of saturation and relative permeability.
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Figure 2.4: Relative permeability and degree of saturation relationship for water-LNAPL system

Generally, the relationship between relative permeability and degree of saturation is
directly proportional. A decrease in degree of saturation will lead to decrease in the value of
relative permeability for a given liquid. Relative permeability of LNAPL will be almost one, when
water occupied the small pores at residual saturation degree. Therefore, LNAPL trapped in large
pores; as a result, relative permeability of water will be less than one at residual saturation degree

2.2 Water phase
Saturated zone and unsaturated zone consist of water phase. Unless if the unsaturated zone
is dry. In unsaturated zone, the volume of water equal to difference between volume of voids and
volume of air in the voids along with volume of soil solids. Section 2.2.1 to 2.2.5 will discuss the
forms of water, zones in unsaturated zone, the flow of water in saturated zone and unsaturated
zone and retention curve. Also, the hysteresis phenomenon is presented.
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2.2.1

Forms of Pore Water in Unsaturated Soil
Wheeler and Karube (1996) defined forms of water in unsaturated soil into three categories.

First category is the absorbed water form. Absorbed water is the smallest amount of water in soil
that is rigid to soil particles and acts as an integral part (Sharma, 1998). The absorbed water form
does not participate in the flow of water since it is tightly bounded (Mohamend, 2003). The second
category is bulk water form. Bulk water form occurs due to the water filled the space between soil
particles, which cause the void space to be completely flooded (Sharma, 1998). The last category
is the meniscus water form. Meniscus water fills only the contact points of soil particles within
meniscus boundary. Matric suction obtains the highest value where the water present as meniscus
water form. The lowest value of saturation degree occurs when water forms as absorbed water
and meniscus water. Figure 2.5 illustrate the three categories of water forms.

(a)

(b)

(c)

Figure 2.5: Forms of water
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2.2.2

Zones in Vadose soil
The groundwater table divides the ground subsurface into two zones namely saturated zone

and unsaturated zone. The saturated zone otherwise known as phreatic zone located underneath
the groundwater table. Whereas the unsaturated zone located above the groundwater table, and it’s
divided into four subzones as illustrated in Figure 2.6. The zone in unsaturated soil that is located
immediately above the groundwater table is known as capillary fringe. The degree of saturation in
capillary fringe is greater than 90% or nearly fully saturated due to most or all pores in soil is filled
with fluids or except for some will have occluded air bubble (Ren, 2019). The soil type, particle
size distribution (Ren, 2019) and bubbling pressure (Mohamed, 2003) are significantly affected by
the thickness of capillary fringe. Two-phase transition zone is above the capillary fringe zone. The
degree of saturation of two-phase transition zone is in the range of 15% < S < 90% (Ren, 2019).
In two-phase transition zone there is two zones namely funicular zone and pendular zone as
illustrated in Figure 2.9. The forms of water in funicular zone are meniscus water and bulk water.
The forms of water in pendular zone are meniscus water and absorbed water (Mohamed, 2003).
The last zone is called dry zone. The degree of saturation in the dry zone is generally less than
15% (Ren, 2019) and occupied with continuous air phase and discontinuous liquid water phase
(Fredlund et al., 2012). Dry zone occurs due to external factors such as evaporation and
evapotranspiration which affect the environment and leads to the surface soil to be dry (Ren, 2019).
All zones together are called the vadose zone.
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Figure 2.6: Vadose zone
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2.2.3

Flow of water in saturated and unsaturated zones
For one-dimensional flow, the fluid discharge can be calculated directly from Darcy’s law.

The following equation present Darcy’s law for discharge:
𝒬! = K ! A

∂J
∂d
Equation 2.14

where:
𝒬 = flow discharge
K ! = coefficient of permeability
A = cross sectional area
J = total head differences
D = distance between two points

To calculate the total head, three parameters need to be known namely elevation head, pressure
head and velocity head. However, the velocity head is negligible and can be ignored in the
calculation of total head difference because the velocity of water is very low in soils. The following
equation represent total head difference:
J = (Z' − Z( ) +

(P' − P( )
ρg
Equation 2.15

where:
J = total head differences
Z = elevation head
P = water pressure
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g = acceleration due to gravity
ρ = density

Additionally, total head can be calculated by using Bernoulli’s equation
h=

u
+Z
γ!
Equation 2.16

where:
h = total head
u = pressure
γ! = unit weight of water
Z = elevation head

2.2.4

Retention Curve
The retention curve is basically a relationship between matric suction head (h) and

volumetric water content (Q). In other words, retention curve is a relationship between wetting
and drying paths. Retention curve, additionally, it represents the amount of liquid in the pores to
the average matric suction (Stirling, 2014). The volumetric water content defined as the ratio of
volume of water to the total volume of the soil. Additionally, volumetric water content can be
express in term of specific gravity and water content or degree of saturation and porosity. Where
the matric suction head defined as the difference between pore air pressure and pore water pressure
divided by unite weight of water. The following equations represent volumetric water contend and
matric section head respectively:
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Θ=

V!
= Sn = wG#
V7
Equation 2.17

where: Θ = volumetric water content
V" = volune of water
V7 = total volume of solid
s = degree of saturation
n = porosity of the soil
w = water content
G# = specific gravity of the soil
h=

u& − u!
γ!
Equation 2.18

where: h = matric suction head
u& = pore air pressure
u! = pore water pressure
γ! = unite weight of water

Instead of volumetric water content, the degree of saturation is often used with matric
suction head to present retention curve. In this case it is called soil water characteristic curve
(SWCC) (Sharma, 1998) or soil water retention curve (SWRC) (Stirling, 2014). Figure 2.10
illustrates the SWRC. For a two-phase system such as water-air, the pores size and shape
distribution have affected on the curve shape (Stirling, 2014). In retention curve, the value of
degree of saturation is different in drying path and wetting path at same matric suction head due
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to phenomenon called hydraulic hysteresis (Croney, 1952 and Bear, 1979). The soil water retention
curve was modeled for inflow and outflow of water from unsaturated soil or to unsaturated soil.
Also, to develop the model applied net stresses was assumed to be negligible and the soil is
incompressible (Sharma, 1998).
In Figure 2.7, the upper curve represents the boundary of drying curve starts at fully
saturated stage. It is important to note that the water will not start to drainage until the matric
section head reaches a critical value. The critical value of matric suction head called bubbling
pressure head or air entry value (AEV) Figure 2.8. The liquid will start to drainage until liquid
remain as discontinuous phase (Childs, 1969). The residual degree of saturation will be recorded
when the liquid stop drainage. The lower curve in Figure 2.7 represents the boundary of wetting
curve starting from residual degree of saturation. During the wetting process, water will occupy
the smallest pores moving towards larger air pores. The matric section head for wetting path is
smaller than in drying path for the same degree of saturation. Generally, for any two points in the
drying and wetting path, the degree of saturation for the point in the drying path will be
significantly higher than the point in the wetting path (Sharma, 1998). Inner curve could be
obtained in retention curve. The inner curve named by Childs, 1969 as scanning curves. The
scanning curves occur between the main drying and wetting path as loop Figure 2.9 (Bear, 1979).
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Figure 2.7: Soil water retention curve

rd

Figure 2.8: Air entry between soil particles
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Figure 2.9: Soil water retention curve with scanning curves

2.2.5

Hydraulic Hysteresis
Pore geometry in soils is irregular, which results in different wetting and drying paths. This

phenomenon of different wetting and drying paths is called hydraulic hysteresis in soils. For the
boundary of drying curve, when matric suction head reached the critical value, water will start
drainage as narrow channels with sharp meniscus radius. In other words, the matric suction head
value is high, and it is comprising the pores space. Which leads meniscus to exist at different
positions in the channels (Stirling, 2014). During drying path, the meniscus radius (rd) will be small
due to high value of matric suction head see Figure 2.10. However, for the same sample, when
imbibition starts during wetting path, the meniscus radius (rw) will be larger than meniscus radius
in drying path which explain the low value of matric suction head see Figure 2.11 (Sharma, 1998
and Mohamed, 2003)
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rd

rw

Figure 2.10: Drainage path
Figure 2.11: Imbibition path

Raindrop effect is one of reason that create the hydraulic hysteresis. Raindrop means the
difference in the contact angle during drying and wetting path. In drying path, the receding
interface contact angle is lower than advancing interface. This means that the contact angle in
drying path smaller than the contact angle in wetting path (Bear, 1979).
Another reason that causes hydraulic hysteresis is trapped air. The trapped air occurs only
in wetting path. Vogler et al 1999, idealized the trapped air reason in two capillary tubes filled
with water as illustrates in Figure 2.12. The diameter in capillary tube (a) is smaller than capillary
tube (b) diameter. As a result, trapped air on the top of the capillary tube (b) is noticed when rising
the water level in capillary tube (b).

29

Figure 2.12: Trapped air idealised (after Vogler et al., 1998)

2.3 LNAPLs Migration
When light non-aqueous phase liquids (LNAPLs) are released due to accidental spills on
the ground surface or leakage from underground tanks, LNAPLs will migrate vertically from
ground surface through vadose zone. The depth of LNAPLs migration depend upon the parameters
discussed in section 2.1. Additionally, the amount of LNAPL spill or LNAPL leakage, air trapped
and LNAPLs entrapment effect on LNAPL migration depth. Section 2.3.1 and 2.3.2 will discase
LNAPLs movement through vadose zone and LNAPLs entrapment.
2.3.1

Flow of LNAPs in Vadose Zone
LNAPL is an abbreviation for light non-aqueous phase liquids. Which is a type of non-

aqueous phase liquids (NAPLs), and it is lighter than density of water. Besides gravity, the
parameters that had been discussed in section 2.1 controlled LNAPLs migration such as capillary
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pressure, degree of saturation, and hydraulic conductivity. Generally, LNAPLs will be more
mobile when the viscosity or interfacial tension is low (Charles, 2013). Since the density of
LNAPLs is less than density of water, LNAPLs can migrate only through vadose zone. Therefore,
LNAPLs cannot migrate below groundwater table unless there is groundwater fluctuation.
LNAPLs migration speed through vadose zone depends upon the relative permeability.
As previously discussed in section 2.2.2 vadose zone consists of dry zone, pendular zone,
funicular zone, and capillary fringe. In the dry zone, for two-phase system such as LNAPL-air,
LNAPL will be the wetting liquid. Thus, LNAPL will occupied the grain contact as in meniscus
form then occupied the smaller pores as in bulk form. Therefore, air will occupy the large pores
(Mohamed, 2003). The more LNAPLs spilled on the ground surface, the deeper LNAPLs will
migrate downward through vadose zone. Figure 2.13 illustrates LNAPL migration depth based on
the amount of LNAPL. When a sufficient amount of LNAPL spilled on the ground surface,
LNAPLs migration will pass the dry zone to the pendular zone and funicular zone. LNAPLs
migration movement through dry zone to pendular zone is slow; nevertheless, LNAPLs migration
through pendular zone to rest zones will be faster. The reason is that the relative permeability of
LNAPLs in dry zone is smaller than relative permeability of LNAPLs in other three zones.
LNAPL be in pendular zone, it is the beginning stage of three-phase system such as
LNAPL-water-air instead of two- phase system such as LNAPL-air in dry zone. As for three-phase
system, LNAPLs assumed to be occupied the intermediate pores (Leverett, 1941). With large
amount of LNAPL, LNAPLs will reach the capillary fringe zone. The migration from funicular
zone to capillary fringe zone is the fastest. However, LNAPLs in the capillary zone will spread
over the capillary zone layer and will not migrate farther unless there is water fluctuation. LNAPLs
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in capillary zone will displace water, when it obtains pressure head that exceeds bubbling pressure
or AEV.

Figure 2.13: Different amount of LNAPL flow through the soil

2.3.2

LNAPLs Entrapment
LNAPLs are hydrocarbons liquids. Also, LNAPLs immiscible liquid with water. Specific

gravity of LNAPLs is less than one (Robert et al., 1996). A large discharge of LNAPLs due to
accidental spilled or leakage from underground tanks could contaminate the groundwater.
However, small discharge of LNAPLs will not reach the groundwater table; but it will flow through
vadose zone under the influence of gravity and matric suction. The small portion of LNAPLs will
flow through vadose zone until LNAPLs become discontinuous and immobile (Robert et al, 1996).
When LNAPLs migrate downward through the vadose zone, some of the amount of LNAPL will
get trapped in the soil pores due to capillary forces. LNAPL could be trapped in forms of singlet,
doublet or ganglia as illustrates in Figure 2.14. LNAPLs are trapped as singlet (isolated blobs)
when the saturation degree of LNAPLs is low. On the other hand, if degree of saturation of LNAPL
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is high, LNAPLs will get trapped in the form of a ganglia (Charles, 2002). The average length of
LNAPL ganglion trapped is approximately 10 cm (Robert et al, 1996).

(a) Doublet form

(b) Ganglia form

(c) Singles form
Figure 2.14: LNAPL trapped forms

LNAPLs are considered as non-wetting fluid in a three-phase system such as waterLNAPLs-air and in two-phase system such as water-LNAPLs. Amount of LNAPLs entrapment is
significantly affected by soil properties such as porosity and pore size distribution (Mohamed,
2003). When porosity of the soil decreases, the amount of trapped LNAPLs would increase.
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Additionally, fluctuations of groundwater table cause LNAPLs entrapment (Lenhard et al, 1989).
LNAPLs will be trapped as residual LNAPLs when groundwater table returns to its initial position
after its rise and fall (Fetter, 1999). LNAPLs get entrapped in saturated zone when the groundwater
table level rises. However, when the groundwater table falls, instead of trapping, LNAPLs will
occupy soil pores that were previously occupied by water in saturated zone. According to Chatzis
et al, 1983, LNAPLs get trapped by either snap-off mechanism or by-passing mechanism as
illustrated in Figure 2.15. LNAPLs could be trapped as singlet form by snap-off mechanism.

Figure 2.15: Ttrapped of LNAPL mechanisms (after Chatzis et al., 1983)
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Chapter 3: Types of Experiments for Investigation of LNAPL Migration
This chapter represents several types of experiment that are used to investigate migration
of LNAPL in ground subsurface. The types of experiment included in this chapter are twodimensional (2D) tests, Buchner funnel tests, and centrifuge tests. Also, main features of results
from these experiments are presented in this chapter.

3.1

General Introduction
Light non-aqueous phase liquids (LNAPLs) are one of the categories of non-aqueous phase

liquids (NAPLs). Density of LNAPLs is less than the density of water, and they are immiscible
with water. LNAPLs are a serious contamination threat, which can pollute the soil or water due to
their ability to migrate from ground surface to groundwater table (GWT). LNAPLs pollution
occurs due to accidental spills or leakage from the underground storage tank (UST). The extent of
pollution depends upon the amount of LNAPL, properties of the soil, and characteristics of the
LNAPLs.
Several scholars investigated migration of LNAPLs in porous media. Various types of
experimental investigations involved one-dimensional tests (Rahman et al., 2018 and Simantiraki
et al., 2008), two-dimensional tests, and a limited number of three-dimensional tests (Kechavarzi
et al., 2004 and Le et al., 2014). Moreover, a few researchers used centrifuge testing to investigate
migration of LNAPL in porous media (Kererat et al., 2013). Some of these experimental
investigations relevant to this research are presented in the following sections.
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3.2

Two-Dimensional (2D) Tank Experiments
The 2D tank experiment is one of the experiment types that allows the researchers to

investigate LNAPL migration in either saturated or unsaturated conditions simulating saturated
and vadose zones respectively. Furthermore, fluctuations of groundwater table can also be
simulated in a 2D tank by using dynamic inflow of water.
3.2.1

2D Tank Experiment of Mohamed and Sharma, 2007
Mohamed and Sharma, 2007 investigated dynamic flow in the vadose and saturated zone

by using the 2D tank experiments. The internal dimensions of the 2D tank were 120 cm × 120 cm
× 10 cm. The materials used for the experiment were fine sand, a drainage system comprising
manifolds, a gravel filter, fine fiber mesh, and a water tank. Find sand sample properties were Cu
0.98, Cc 1.23 and D50 0.35 mm.
The water level was controlled inside the 2D tank. The water level was varied between 120
and 20 cm. The water flow was kept constant at a rate of 2.78×10-2 mm/s. The aim of the
experiment was to investigate the hydraulic relations of the water-air system under dynamic flow.
Time-domain reflectometry (TDR) and pressure transducers were used to measure saturation and
matric suction, and these were used to develop the soil water characteristic curve (SWCC). The
whole experimental control and logging system was controlled through a computer system. The
locations of TDR and pressure transducers are reported by Mohamed and Sharma, 2007. This
experimental set up allowed investigation of influence of saturation history on the inner scanning
loops. Initially, the sample was prepared to reach the fully saturated stage or close to 100%
saturated.

Mohamed and Sharma, 2007 presented a variety of SWCC and scanning curves. As for
Mohamed and Sharma 2007 experimental results, the first test was performed to record and
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measure the matric suction head and degree of saturation using TDR and pressure transduces in
the 2D tank. The results for the first test are shown in Figure 3.1. The test was done by indicating
three full cycles namely the main drying and wetting cycle, primary scanning loop, and secondary
scanning loop respectively. The results of the main drying and wetting cycle indicate that water
started to drainage out at a bubbling pressure head of 17.5 cm. The bubbling pressure head at
different levels of water (120 to 20 cm) was between 17.5 cm to 20 cm. Hysteresis in the wetting
and drying paths is clear from these results of Mohamed and Sharma, 2007. Additionally, the
residual degree of saturation is 11.5% at 35 cm matric suction head.

Figure 3.1: Test 1 2D tank soil water characteristic curve (SWCC) Results (Mohamed and Sharma, 2007)

Sharma and Mohamed, 2003 (b) presented detailed results of investigation of LNAPL
migration under 2D conditions in fine sand. They developed a correlation between amount of
LNAPL, area of spill, and increase in lateral spread of LNAPL. Experimental results of Sharma
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and Mohamed, 2003 clearly showed the influence of fluctuations in groundwater table on the
spread of LNAPL in the subsurface.
3.2.2

2D Tank Experiment of Gupta et al., 2019
Gupta et al., 2019 investigated LNAPL migration in sand. They also used 2D tank to

explore LNAPL migration in the subsurface under the fluctuating of GWT. The 2D tank used in
the experiment was stainless-steel and 0.25 cm thick. The internal dimensions for the 2D tank were
150 cm × 120 cm × 10 cm. The 2D tank consisted of two wells on each side of the tank which had
been used to simulate upstream and downstream. Moreover, the experiment consisted of two
peristaltic pumps, one was an upstream pump connected to an upstream well to secure the inflow
of water, and the anther peristaltic pump was a downstream pump connected to the downstream
well to secure the outflow of water. To measure GWT position, piezometers were attached to the
tank. LNAPL port was installed 20 cm from the upstream well and under the top surface of the
sand pack. Toluene (Merck with 99.9% purity) was used as LNAPL in these experiments. Toluene
was injected for the total duration of 5 minutes at a rate of 1 ml/min using the airtight syringe. The
soil sample was Indian standard medium sand (650 Grade ΙΙ). Gupta et al, 2019 performed the
experimental tests in a 2D tank in four different scenarios. The first scenario, performed under a
steady state of groundwater condition. While the rest of the three scenarios were performed under
different dynamic GWT fluctuation conditions (rapid fluctuation, general fluctuation, and slow
fluctuation). Rapid fluctuations were at a rate of 2,475.0 ml/h, general fluctuations were at a rate
of 1.237.5 ml/h, and slow fluctuations were at a rate of 6,18.7 ml/h.
Gupta et. al., 2019, used different sizes of LNAPL pools under different water fluctuating
speeds (rapid, general, and slow). The LNAPL spread was over larger area under repaid
groundwater fluctuations compared with the LNAPL spread under slow groundwater fluctuations.
During the experiments, the Toluene dissolved concentration (LNAPL sample) increased after a
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few hours. Then, Toluene started to attenuate. For the rapid groundwater fluctuation, the
concentration of LNAPL was higher than in other cases due to a higher dissolving rate.

3.3 Buchner Funnel Experiments
One of the experiments used to investigate LNAPLs migration is Buchner funnel
experiment. It has a simple setup and could give provide fast results depending upon type of soil
and liquid type. However, it is limited to one dimension only.
3.3.1

Buchner Funnel Experiment of Sharma and Mohamed, 2003 (a)
Sharma and Mohamed, 2003 (a) designed a Buchner funnel experiment setup to obtain the

relationship between the degree of saturation and matric suction head for fluid system water-air,
water-LNAPL, and LNAPL-air. Mineral oil was used as LNAPL and the soil was sand. Sand
sample was poorly graded coarse sand. Coarse sand sample properties were Cu 1.35, Cc 0.92 and
D50 0.80 – 0.85 mm.
To obtain the drying curve, the water outflow was measured in each step using a graduated
cylinder. After that, based on the remaining water volume in the sample, the degree of saturation
and matric suction head were calculated respectively. Residual degree of saturation corresponds
to a stage when the water drainage stops. After reaching the residual degree of saturation, the
sample was rewetted. Added water was recorded to obtain a wetting curve by calculating the
degree of saturation and matric suction head. Finally, the scanning curves were obtained following
a similar method.
3.3.2

Buchner Funnel Experiment of Mao el at., 2019
Similarly, Mao el at., 2019 investigated the relationship between the degree of saturation

and capillary pressure (matric suction). The steps to setup the experiment were similar to Sharma
and Mohamed, 2003. However, the experiment did not investigate the scanning loops. Mao el at.,
2019 used two different soil samples. They used fine sand and medium sand. LNAPL samples
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were Diesel, Heptane, and Toluene. For the best fitting curve, Van Genuchten, 1980 model (VG
model) and Brooks and Corey, 1964 (BC model) were used for all results to obtain SWCC.

3.4 Centrifuge Experiments
3.4.1

Centrifuge tests of Esposito et al. 1999
Centrifuge tests are used to determine long-term LNAPLs migration. Esposito et al., 1999

investigated the LNAPL mechanics movement by using centrifuge modeling in unsaturated sand.
Motor oil had been used as an LNAPL with a prototype volume of 1,660 L/m of length. Esposito
et al., 1999 used two types of Dutch dune sands with two different porosities: dense packing 35.9
% and loose packing 41 %. Two tests were conducted at 20g and 30g gravities. Initially, the soil
sample was fully saturated, and the centrifuge test was for 54 minutes at gravity 20g, and for 24
minutes at gravity 30g. Thereafter, LNAPL container was placed on the sand sample surface and
then the centrifuge was accelerated again. At the end of the experiment, the sample model was cut
into nine slices every 0.3 m (Prototype scale dimension). Esposito et al., 1999 investigated
influence of porosity on LNAPL migration in vadose zone. The test prototype duration equivalent
of 110 days corresponded to 6.6 hours at gravity 20g and 2.9 hours at gravity 30g. Figure 3.2 shows
the centrifuge model at Delft University.
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Figure 3.2: Centrifuge model (Esposito et al., 1999)

After inserting the LNAPL container, LNAPL started to discharge before the centrifuge
reached 30g. Figures 3.3 represent LNAPL migration for dense sand at 20g. The result from
running the centrifuge at 20g for dense sand showed that when the LNAPL plume passed through
the capillary fringe zone and reached the water region (degree of saturation almost 100%), LNAPL
was forced to migrate horizontally. Moreover, after LNAPL passed the capillary fringe zone, the
interface for LNAPL-water was located below the initial elevation of water table. In the pendular
zone the LNAPL plume width for the dense sand sample was 1.5 m (prototype scale dimensions),
and 0.8 m (prototype scale dimensions) for the loose sand sample test. Nevertheless, the LNAPL
content was zero at bottom of the sand sample. At 1.6 m (prototype scale dimensions), the LNAPL
plume reached the saturated zone. The capillary number is the ratio of viscous force to capillary

41

force The capillary numbers for the loose sand sample were 1.19 larger than the capillary numbers
for the dense sand sample.

Figure 3.3: LNAPL Plume at 60 days prototype time (Esposito et al., 1999)

3.4.2

Centrifuge tests of Lo et al., 2004
Lo et al., 2004 investigated the LNAPL migration pattern in the vadose zone due to leakage

from an underground storage by performing centrifuge modeling. Gasoline was used as LNAPL
sample. This gasoline used by Lo et al., 2004 was a mix of Benzene, Toluene, Ethylbenzene, and
O-xylene (BTEX). The two soil samples that had been used were completely decomposed granite
(CDG) and fine sand. The CDG is a combination of the clayey slit with 1.5 % clay content. CDG
and fine sand represented the materials in vadose zone, while coarse sand represented the material
in aquifer. The amount of LNAPL used in the experiment was equivalent to 2,500 L prototype
scaled, and centrifuge accelerated at gravity 50g.
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Lo et al., 2004, the results of LNAPL migration for 1-year prototype scaled time conclude
that there was a zone with high concentration of LNAPL located 3.0 m above the GWT in CDG
model test, and 4.5 m in fine sand model test. For the CDG test model, the capillary fringe zone
height was 4.5 m, and the residual degree of saturation was 49.0 %. Whilst for the fine test model,
the capillary fringe zone height was 6.0 m, and the residual degree of saturation was 14.0 %. The
capillary fringe height boundary could be determined from the inflexion point (Fetter, 1993). The
concentration results indicate that there is a zone with a high concentration of LNAPL in both
tests.
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Chapter 4: Discussion of Experimental Results from Various
Investigations of LNAPL Migrations
Various types of experiments used for investigation of LNAPL migration in porous media
were presented in Chapter 3. An overview of results from these diverse experimental tests was
also given in Chapter 3. In this Chapter 4, these results are further discussed to delineate the main
parameters that affect the migration of LNAPLs in ground subsurface.

4.1

Two-Dimensional (2D) Experiment Results Discussion
Two-Dimensional (2D) tests are used to investigate the migration of LNAPLs in two-

dimensional space. Benefit of these tests is that these tests can be conducted using instrumentation
such as TDR and pressure transducers so that measurements of saturation and matric suction can
be taken. These tests can be designed to investigate different aspects of LNAPL migration such as
nature of SWCC, hydraulic hysteresis, migration of LNAPL in different types of soils, different
types of LANPLs. In case of Mohamed and Sharma, 2007 experiment was designed to study the
retention water curve (see section 2.2.4) to develop the relationship between matric suction head
and degree of saturation of water for fine sand. Dynamic flow of water was used to investigate the
main drying and wetting paths as well as scanning curves. Purpose of these investigations was to
understand the influence of fluctuation of the water table on LNAPL migration.
Results of Mohamed and Sharma, 2007, the results clearly show that there is a clear
relationship between matric suction head and degree of saturation in both wetting and during paths.
However, the degree of saturation at the same matric suction head value was observed to be
different in wetting and drying paths. This means that there is a hysteresis in drying and wetting
paths. The amount of hysteresis was between 80 to 100 mm. Van Genuchten’s, 1980 is one of the
models that can be used to determine the value of the degree of saturation along the main wetting
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path and drying path. Nevertheless, Van Genuchten’s, 1980 model has limitations. Van
Genuchten’s, 1980 model cannot be used to determine the degree of saturation for scanning loops.
Moreover, Van Genuchten, 1980 model cannot account for hydraulic hysteresis.
Parker and Lenhard, 1987 model can be used to calculate the degree of saturation for both
the main wetting and drying paths as well as the scanning curves. Parker and Lenhard, 1987
involved Van Genuchten’s, 1980 equation along with a parameter called apparent degree of
saturation (Sapp).
One of the reasons that cause hydraulic hysteresis is that air gets trapped in reversal of
wetting and drying. For estimation of the apparent degree of saturation, the amount of trapped air
needs to be known. According to Mohamed and Sharma, 2007 using the following two steps, the
effective degree of saturation of air along the wetting path can be determined
1. Estimating the amount of trapped air at zero matric suction head for a given wetting
path.
2. Predicting the amount of trapped air at different values of matric suction head along
a wetting path.
For scanning wetting path, Land, 1968 proposed a model that can be used to determine the
effective residual degree of saturation of trapped air (Seff res t) at matric suction head equal zero.
The following equations represents Land, 1968 model:
S266 32# 7 =

1 − S266 3
1 + C(1 − S266 3 )
Equation4.1

where:
C=

1
S8&9 266 7

−1
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Equation 4.2

where:
S266 32# 7 = effective residual degree of saturation
S266 3 = reversal effective degree of saturation from drying to wetting path
S8&9 266 7 = maximum effective residual degree of saturation of nonwetting fluid

The results from Mohamed and Sharma, 2007 pertaining to 2D tank experiment show that
when matric suction reached negative value (positive pore water pressure), the degree of saturation
percentage increased, and the amount of trapped air decreased. Mohamed and Sharma, 2007
explained that the trapped air reduction during wetting beyond zero matric suction head could
occur due to the following reasons:
1. Air bubbles move out from the soil.
2. Air bubbles compress under the influence of applied water pressure.
3. Air gets dissolved in water.
From experiment results, regardless of whether a scanning curve starts from the maximum
degree of saturation (drying path) or from residual degree of saturation (wetting), the scanning
curve joins the main drying and wetting paths respectively. Fine sand is nondeformable, but its
particles can rearrange during wetting and drying process. The scanning curve depends upon the
history of degree of saturation of the soil and residual degree of saturation.
Sharma and Mohamed, 2003 (b) presented detailed results of migration of LNAPL in 2D
tank. Soil was fine sand and LNAPL was mineral oil. These results showed clear evidence of
hysteresis in wetting and drying paths. Moreover, their results showed significant influence of
fluctuations of water table on LANPL spread and pattern of migration. Wheeler and Sharma, 2003
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presented an elasto-plastic framework for modeling of hydraulic hysteresis. They incorporated this
hydraulic hysteresis framework into unsaturated constitutive model. However, hydraulic
hysteresis framework needs to be developed further for LNAPL migration and could be coupled
with migration of LNAPLs so that fluctuations in GWT could be accounted for.

Gupta et al., 2019, investigated the LNAPL migration simulating fluctuation of groundwater
table (GWT) by using the 2D tank. The main objective of the experiment was to determine the
characteristics and dissolution of the LNAPL pool. The sand sample that was used was Indian
standard medium sand (650 Grade ΙΙ) and the LNAPL sample was Toluene (Merck with 99.9 %
purity). Gupta et al., 2019, performed the experiments under four rates of fluctuations of
groundwater table. These four rates were steady-state condition, rapid fluctuations, general
fluctuations, and slow fluctuations. Specific rates of flow corresponding to each fluctuation type
are given in Chapter 3 (section 3.2.1.2). The rapid, general, and slow groundwater fluctuation
represents the dynamic flow of water.
Experimental results of Gupta et al., 2019, indicate that for a rapid groundwater table
fluctuating scenario, LNAPL spread over a larger area leads to higher dissolution of LNAPL in
water compared to the dissolution under slow groundwater table fluctuation scenario. The areas of
LNAPL pool for rapid fluctuation, general fluctuation, slow fluctuation, and stable groundwater
table were 250 cm2, 200 cm2, 160 cm2 and 70 cm2 respectively. It indicates that the area of the
LNAPL pool increased with increasing rate of fluctuation of GWT. This suggests that the spread
of LNAPL pool was larger during faster fluctuations of GWT. This shows that rate of groundwater
table fluctuations plays a significant role in migration and spread of LNAPL pool. The dynamic
flow of the groundwater table causes a smear zone. Dynamic flow of groundwater impacts
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migration and spread of LNAPL. LNAPL could be trapped in ganglia and other forms as discussed
in Chapter 2 (see section 2.3.2). Gupta et. al, 2019 further investigated impact of fluctuations of
GWT on biodegradation of LNAPL and they found that biodegradation was impacted by
fluctuations of GWT.

4.2 Buchner Funnel Experiment Results Discussion
Sharma and Mohamed, 2003 investigated the relationship between the degree of saturation
and matric suction head by performing the Buchner funnel experiments. The soil sample was
poorly graded coarse sand and LNAPL sample was mineral oil.
The results for Sharma and Mohamed, 2003 showed S-shape curve for SWCC. The S-shape
SWCC curve fitted with the model proposed by Van Genuchten, 1980. The model of Van
Genuchten, 1980 links effective degree of saturation and matric suction head. Van Genuchten,
1980 model is provided in Equations 4.3 and 4.4.
S266 = [1 + (αh)5 ]:8
Equation 4.3

and
α=

1 '
(28 − 1)':8
h;
Equation 4.4

where:
S266 = effective degree of saturation
h; = matric suction head
n, m, and α are curve fitting parameters
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n=

1
1−m
Equation 4.5

The h; in Equation 4.4 is matric suction corresponding to degree of saturation (S) (Equation
'

4.6). in Equation 4.4 m is equal to ~1 for a well sorted soil sample. For m =1, α = < . In this case
!

h; represents bubbling pressure head.
S=

(S32# + S# )
2
Equation 4.6

where:
S = degree of saturation
S32# = residual degree of saturation
S# = degree of saturation at zero matric suction head

Sharma and Mohamed, 2003 (a) used Buchner funnel. They conducted several tests. Fives
tests were performed for the water-air system, one test was for the water-LNAPL system, and
another test was for LNAPL-air system. For all seven tests, there was a clear hysteresis relationship
in wetting and drying paths. This means the degree of saturation will be different during the drying
and wetting process at the same value of matric section head. However, the amount of hysteresis
was different for air-water, air-LAPL, and water-LNAPL systems. For air-water system, the
average amount of hysteresis was 5.5 cm. Water-LANP system, the amount of hysteresis was 3.0
cm, and for air-LNAPL system the amount of hysteresis was 2.0 cm. These differences in the
amount of hysteresis indicate that the type of fluid system affects the amount of hysteresis. This
suggests that the amount of hysteresis depends upon contact angle and interfacial tension. Contact
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angle and interfacial tension are explained in Chapter 2 (section 2.1.2 and 2.1.4). Furthermore,
comparing the amount of hysteresis from the Buchner funnel experiments with the 2D sand tank
experiments, the amount of hysteresis for 2D sand tank is higher than the hysteresis during Buchner
funnel tests for a given system.
The main objective of Mao el at., 2019 was to investigate the relationship between the
degree of saturation and the matric suction head. Mao et al., performed tests by using the Buchner
funnel similar to Sharma and Mohamed, 2003 (a). However, Mao et al., 2019 investigated the
drying path only. Mao et al., 2019 used fine sand and medium sand. LNAPL samples were diesel,
Heptane and Toluene. Mao et al., 2019 used two different soil samples to investigate the grain size
influence of the SWCC.
To investigate the relationship between the degree of saturation and matric suction head,
Mao et al., 2019 used Van Genuchten, 1980 model (VG model) and Brooks and Corey, 1964 (BC
model).
For water-air, diesel-air, and diesel-water fluids systems, tests A, B and C had been
performed by using fine sand. Tests D, E and F were performed by using medium sand. For all
tests (A to F), the results showed SWCC of S-curve shape. BC model fitted well for the drying
path when the matric suction head exceeded the bubbling pressure. The bubbling pressure head
for tests A, B, and C were 34 cm, 18 cm, and 10 cm of H2O respectively. whereas for tests D, E,
and F the bubbling pressure were16 cm, 8 cm, and 5 cm of H2O respectively. For the same soil
sample (fine sand), the water-air fluid system has the highest value of bubbling pressure head (34
cm of H2O), and the diesel-water fluid system has the lowest value of bubbling pressure head (10
cm of H2O). Similarly, for the same soil sample (medium sand), the water-air fluid system has the
highest value of bubbling pressure head (16 cm of H2O), and the diesel-water fluid system has the
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lowest value of bubbling pressure head (5 cm of H2O). Tests A, B and C (fine sand) have higher
values of bubbling pressure compared with tests D, E, and F (medium sand). The results indicated
that the bubbling pressure head is impacted by grain size. The average residual degree of saturation
from the VG model and BC model for tests A, B, and C was 15%, 12%, and 20% respectively.
Furthermore, results showed that grain size influenced the value of residual degree of saturation.
Results of Mao et al., 2019 showed similar trend for other LNAPLs (Heptane and Toluene).

4.3

Centrifuge Experiment Results Discussion
Esposito et al., 1999 used centrifuge modeling technique to investigate the mechanics of

movement of LNAPL. The experiments were conducted with two different gravities (20g and 30g)
for each soil sample. The test with 20g was for 54 minutes, whereas the test with 30g was for 24
minutes. Thereafter, the LNAPL container was placed on the top of soil sample surface and pressed
slightly into soil sample. Then the centrifuge was accelerated again. The prototype duration for the
experiment was 110 days. The soil sample used for the experiment was type Dutch dune sand. The
porosity of the soil sample with dense packing was 35.9 % and with loose packing was 41 %. The
LNAPL sample was motor oil. The prototype volume of LNAPL was 1,660 l/m of length.
This result of Esposito et al., 1999 indicate higher velocity of LNAPL infiltration for loose
sand compared to dense sand. For the same type of soil sample, the discharge of LNAPL is not
affected by the gravity level. However, LNAPL discharge is influenced by grain size. LNAPL
discharge started before the centrifuge acceleration reached 30g. This means the LNAPL sample
has low saturated hydraulic conductivity. The higher velocity of LNAPL infiltration explains the
larger capillary numbers. Capillary number (N$& ) can be determined by using Equation 4.7.
Generally, LNAPL migrate vertically under the force of gravity. However, in this experiment
LNAPL spread horizontally after passing the capillary fringe zone. The reason behind the
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horizontal spread of LNAPL is that the weight of LNAPL phase displace the capillary fringe zone
and water table. As a result of the horizontal spread of LNAPL and the density of LNAPL is less
than water density, LNAPL content was zero at the base of the sand sample. Loose sand porosity
is higher by 5 % than dense sand. As result, the residual LNAPL content in loose sand sample was
higher than in dense sand sample. The higher value of residual LNAPL content in loose sand
sample means that the amount of trapped LNAPL will be higher in loose sand than in dense sand
sample.
N$& =

vµ
σ
Equation 4.7

where:
N$& = capillary number
v = displacing fluid velocity
µ = displacing fluid viscosity
σ = interfacial tension

Lo et al., 2004 investigated the pattern of migration of LNAPL in two types of unsaturated
soil. They used mixture of Benzene, Toluene, Ethylbenzene, and O-xylene as LNAPL. The mix of
these four components is known as gasoline (BTEX). The volume of LNAPL that has been used
was 2,500 l in the prototype scale. The centrifuge experiments were performed using two types of
soil sample. Soil sample were completely decomposed granite (CDG) and fine sand. The
centrifuge was accelerated at 50g.
When LNAPLs stared to migrate from the container, LNAPLs migrated vertically.
However, after reaching the water table, LNAPL started to spread horizontally. LNAPLs did not
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migrate further than the water table and LNAPLs floated above the water table because of the fact
that LNAPLs are immiscible with water. These results are consistent with the centrifuge results of
Esposito et al., 1999. The LNAPLs plume radii were similar for both CDG test (3.0m prototype
scale dimensions) and fine sand test (2.5m prototype scale dimensions). The small difference in
radii of LNAPLs plume in CDG test and fine sand test explains that LNAPLs have similar dynamic
viscosity, surface tension and fluid density The similarity in these parameters do not affect speared
of LNAPL plume. At 1.5 m above the water and near to water table the concentration of Benzene
and Toluene were higher than the concertation of Ethylbenzene and O-xylene. This result indicate
that Benzenes and Toluene migrate more rapidly than Ethylbenzene and O-xylene. Moreover, the
higher concentration and rapid migration of Benzenes and Toluene indicate that Benzene and
Toluene have higher solubility. The residual water degree of saturation in CDG test (49 %) is much
higher than in fine sand test (14 %). The 30 % difference between the residual water degree of
saturation for CDG test and fine sand indicates that LNAPLs have less space to move in CDG.
Both experiments of Lo et al., 2004 and Esposito et al., 1999 conclude that LNAPL migration is
highly influenced by soil type and grain size.
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Chapter 5: Conclusion and Recommendations
This chapter summarizes the main conclusions from this research, and it includes
recommendation for future research.

5.1 Conclusions
Light non-aqueous phase liquids (LNAPLs) are serious contamination threat to the sources
of water supplies such as groundwater aquifers. LNAPLs contamination could occur due to
accidental spills or leakage from underground tanks. Main conclusions from this study are:
•

Migration and spread of LNAPLs is a complex process. An understanding of the mechanisms
and patterns of LNAPL migration in ground subsurface is required for efficient and effective
remediation system for cleaning pollution due to LNAPLs. For effective and efficient
remediation system, information such as volume and type of LNAPL spread, and features of
ground surface are critical.

•

Soil type, grain size distribution, porosity, compressibility, heterogeneity, degree of saturation,
matric suction, hydraulic conductivity, fluctuations of groundwater table and the speed of these
fluctuations, smear zone, and geological features such as fractures in rocks and soils have
major influence on the migration and spread of LNAPLs in ground subsurface (section 2.1,
and Chapter 4).

•

Viscosity, density, wettability, interfacial tension, LNAPL entrapment, trapped air, volume of
LNAPL spill or leakage, rate of spill or leakage, area of the spill or leakage, relative
permeability, and type of LNAPL impacts the patterns of LNAPL migration and spread.
(section 2.1)

•

There is a clear nonlinear relationship between matric suction and degree of saturation. Most
of the past researchers used only either wetting or drying path (sections 3.2, 3.3, 4.1, and 4.2)

54

leading to inaccurate estimation of LNAPL spread. Only a few researchers such as Sharma and
Mohamed, 2003 (b) used cyclic wetting and drying in their experimental investigation. Wetting
and drying cycles increased the spread of LNAPL.
•

Hysteretic nature of wetting and drying process was clear during cyclic wetting and drying,
with water-NAPL system having 2.25 times the hysteresis of air-LANP system (2 cm vs. 5.5
cm). This feature of hysteresis is significant as it corresponds to fluctuations of GWT in field
(sections 2.2.4 and 2.2.5 and sections 4.1 and 4.2).

•

Wheeler and Sharma, 2003 presented an elasto-plastic framework for modeling of hydraulic
hysteresis. They incorporated this hydraulic hysteresis framework into unsaturated constitutive
model. However, hydraulic hysteresis framework needs to be developed further for LNAPL
migration and could be coupled with migration of LNAPLs so that fluctuations in GWT could
be accounted for (section 4.1).

•

Tests involving 2D tanks provide significant insight into migration of LNAPLs and these tanks
can be instrumented to obtain real time data of matric suction and degree of saturation.

•

Buchner funnel tests are useful in exploring and establishing the SWCC. It is a fast test and
therefore could be used for variety of soils.

•

Centrifuge tests are useful to expedite the testing, especially in fine grained soils such clays.
Therefore, centrifuge tests can simulate the long-term migration of LANPLs.
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5.2 Recommendations
•

Tests with 3D tanks would be useful to simulate the field conditions.

•

Numerical models for hydraulic hysteresis and coupled models of migration of
LNAPLs incorporating hysteretic process would simulate fluctuations of
groundwater table.

•

Van Genuchten, 1980 model (VG) and Brooks and Corey, 1964 (BC) models have
significant limitations, especially in accounting for hydraulic hysteresis. New
frameworks and numerical models incorporating hydraulic hysteresis are needed for
designing effective and efficient remediation systems.
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